Introduction
Fusion of intracellular membrane stores with the plasma membrane (PM) governs the molecular composition of the cell surface, influences cellular morphology, and allows for the release of soluble factors (Gundelfinger et al., 2003; Horton and Ehlers, 2003; Lippincott-Schwartz, 2004; Sudhof, 2004) . While constitutive exocytosis maintains the surface composition of integral PM proteins and lipids, many forms of exocytosis are regulated by molecular or electrical stimuli. The most intensely studied form of regulated exocytosis is neurotransmitter release triggered by electrical depolarization of presynaptic terminals (Sö llner et al., 1993a; Sudhof, 2004) . The exquisite sensitivity with which synaptic vesicle fusion can be measured and the robust biochemical preparations of synaptosomes, which harbor the requisite molecular machinery for vesicle fusion, have made this system the benchmark of regulated exocytosis (Blasi et al., 1993; Fried and Blaustein, 1976; Link et al., 1992; Nicholls and Sihra, 1986) .
The study of neurotransmitter release has led to the discovery and functional characterization of many key molecules required for exocytosis, including the soluble N-ethyl maleimide (NEM)-sensitive factor attachment protein receptor protein family (SNAREs), which are involved in nearly all forms of eukaryotic membrane fusion (Box 1) (Jahn and Scheller, 2006; Martens and McMahon, 2008; Sö llner et al., 1993a Sö llner et al., , 1993b . While there is an overwhelming abundance of literature on synaptic vesicle fusion in presynaptic terminals, much less is known about postsynaptic exocytosis, although it is increasingly recognized that exocytosis occurs from all dendrites and that dendritic membrane trafficking regulates diverse neuronal functions. This review focuses on the emerging mechanisms, machinery, and organelles of dendritic exocytosis with an emphasis on functional and morphological plasticity, retrograde signaling, and dendritic neurotransmitter release.
Organelles for Dendritic Exocytosis
Electron micrographs of dendrites reveal a dense network of intracellular membranes, comprising all stages of the secretory pathway including endoplasmic reticulum (ER), Golgi membranes, endosomes, and, in some cell types, dense core vesicles situated throughout the dendritic arbor (Figure 1 ) (Cooney et al., 2002; Horton et al., 2005; Palay and Palade, 1955; Park et al., 2006; Pow and Morris, 1989; Spacek and Harris, 1997) . Thus, dendrites possess the requisite cellular machinery for local, constitutive trafficking of lipids and newly synthesized membrane proteins through the canonical secretory pathway. However, noncanonical membrane trafficking pathways may also be utilized by neurons. For example, the highly convoluted ER extends throughout the somatodendritic compartment and in some cases into dendritic spines (Spacek and Harris, 1997) . A specialized smooth ER (SER)-derived organelle known as the spine apparatus (SA) is found in a subpopulation of spines (Gray and Guillery, 1963) . Small vesicular structures are often observed at the tip of the SA, raising the possibility that exocytic vesicles are derived directly from spine ER structures. Indeed, SER membrane can be found in close contact with the PM, suggesting direct fusion of ER membrane with the dendritic PM (Spacek and Harris, 1997) . While this route to the PM has received little direct evidence beyond static EM micrographs, it would represent a unique, noncanonical trafficking route to the plasma membrane that bypasses Golgi membranes and may help explain how membrane proteins could be locally trafficked in dendrites lacking Golgi outposts. Interestingly the SA is missing in mice lacking synaptopodin, an actinassociated protein of unknown function that normally localizes to this organelle. Mice lacking synaptopodin have impaired hippocampal long-term potentiation (LTP) and spatial learning deficits, underscoring the importance of this SER-derived organelle (Deller et al., 2003) .
In addition to ER and Golgi-derived membranes, endosomes are abundant in dendritic arbors from diverse neuronal subtypes (Cooney et al., 2002) (Figure 1B ). Endosomes are intracellular membranous compartments up to several microns in size that accept internalized vesicles from the plasma membrane and ultimately sort membrane-associated cargo for recycling back to the plasma membrane or for lysosomal degradation. The endosomal network comprises early/sorting endosomes (ESEs), recycling endosomes (REs), late endosomes (LEs), and lysosomes (Maxfield and McGraw, 2004) . Newly formed vesicles originating form the plasma membrane fuse with one another and with ESEs, which have tubulovesicular morphology. ESEs then progress to LEs over the course of minutes as they The soluble NSF-sensitive attachment protein receptor (SNARE) family plays a role in a wide variety of membrane fusion mechanisms in diverse cell types (see image). Communication across chemical synapses occurs by fusion of neurotransmitter vesicles mediated by the target membrane SNARES (t-SNAREs) syntaxin 1 and SNAP-25 and the vesicular SNARE (v-SNARE) VAMP2/synaptobrevin (Martens and McMahon, 2008) . SNARE domains from these three proteins form the tetrahelical core SNARE complex that drives membrane fusion. Synaptotagmins 1 and 2 act as Ca 2+ sensors that initiate exocytosis upon Ca 2+ entry into the terminal (Geppert et al., 1994; Sun et al., 2007) . The Sec/Munc (SM) protein family member Munc18-1 binds to the N-terminal H abc domain of syntaxin and is required for neurotransmitter secretion (Verhage et al., 2000) . Complexins I and II are thought to compete with synaptotagmins for SNARE bundle binding, possibly maintaining or clamping docked vesicles in a metastable state (Giraudo et al., 2009; Maximov et al., 2009; McMahon et al., 1995; Tang et al., 2006) . Upon Ca 2+ binding, synaptotagmin displaces complexin to trigger membrane fusion (Tang et al., 2006) . become more acidic and gain hydrolase activity leading to degradation of remaining cargo (Maxfield and McGraw, 2004) . Prior to the LE transition, cargoes destined for recycling exit ESEs and fuse directly with the plasma membrane or with REs (Dunn et al., 1989; Mayor et al., 1993) . In dendrites, REs are present within or at the base of 70% of spines (Cooney et al., 2002; Park et al., 2004) , suggesting that localized endosomal trafficking takes place throughout dendrites and that a majority of synapses are associated with at least one nearby endosomal compartment ( Figure 1B ). Functional evidence for endosome involvement in trafficking synaptic molecules has come from studies on a-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid (AMPA)-type glutamate receptors (Beattie et al., 2000; Carroll et al., 1999; Ehlers, 2000; Lin et al., 2000) . Direct activation of these receptors with AMPA leads to rapid internalization and degradation while brief activation of N-methyl D-aspartate (NMDA)-type glutamate receptors causes internalization and subsequent reinsertion of AMPA receptors into the dendritic PM (Ehlers, 2000) . These data highlight the involvement of the dendritic endosomal network in AMPA receptor trafficking and point to REs as potential dendritic storehouses of synaptic proteins. While dendritic REs are ubiquitous in neurons throughout the brain, many specialized neuronal subtypes house dendritic vesicular structures resembling presynaptic neurotransmitter vesicles or dense core vesicles ( Figures 1C and 1D ). Membrane-bound endosomal compartments that contain intact vesicles, called multivesicular bodies (MVBs), are also found in dendrites (Cooney et al., 2002; Saito et al., 1997; Spacek and Harris, 1997) . While most cargo trafficked to MVBs is thought to be ultimately degraded by fusion with lysosomes, studies have also shown that the outer limiting membrane of MVBs can fuse with the plasma membrane releasing intact vesicles, or exosomes, to the extracellar space, where they can be taken up by neighboring cells (Heijnen et al., 1999; Simons and Raposo, 2009; Trams et al., 1981) . In diverse cell types MVB fusion is an emerging mechanism for intercellular transport of integral membrane proteins, soluble proteins, and nucleic acids (Simons and Raposo, 2009) . MVBs have been observed in dendrites and in presynaptic terminals, where they can fuse with the plasma membrane to release intact vesicles, possibly as a mechanism for trans-synaptic transfer of signaling molecules (Cooney et al., 2002; Lachenal et al., 2011; Von Bartheld and Altick, 2011) . While experimental evidence points to a role in presynaptic fusion of MVBs in shuttling WNT signaling (C) Electron micrograph of a dendrodendritic synapse between a granule cell (GC) and a mitral cell (MC) in the olfactory bulb. The inhibitory synaptic specialization is labeled with an arrowhead while the excitatory specialization is labeled with an arrow. Scale bar represents 200 nm. Reprinted with permission from Lagier et al. (2007) . (D) Dense core vesicles from presumptive vasopressin/oxytocinergic magnocellular neurons in the supraoptic nucleus of the hypothalamus. Note the presence of docked dense core vesicles at the dendritic plasma membrane and the presence of vesicle contents in the extracellular space (arrow, right panel). Scale bar represents 1 mm. Reprinted with permission from Pow and Morris (1989). molecules across the Drosophila neuromuscular junction (Korkut et al., 2009) , the functional significance of dendritic MVB fusion remains unknown.
Neurotransmitter and Peptide Release from Dendrites
Early models of information flow through neuronal circuitry were based on the highly polarized morphology of individual neurons (Cajal, 1911; Golgi, 1873) . Most neurons have elaborately branched dendrites and a single axon that courses from microns to tens of centimeters away from the cell body. This architecture led Cajal to the hypothesis that information travels unidirectionally from dendrites to axons, ultimately culminating in neurotransmitter vesicle fusion at axonal terminals. Although generally correct, later work has demonstrated many exceptions to this rule. Ultrastructural studies from a number of brain regions have revealed secretory vesicles in dendrites that contain glutamate, GABA, dopamine, and neuroactive peptides. In many cases, these vesicles closely resemble presynaptic vesicles in shape, size, and their tendency to cluster close to presumed sites of fusion (Famiglietti, 1970; Hirata, 1964; Lagier et al., 2007; Powell, 1970a, 1970b; Rall et al., 1966; Shanks and Powell, 1981) . Dendrodendritic Synapses Ultrastructural analysis of olfactory bulb, thalamus, and cortex revealed the presence of dense regions of uniform vesicles reminiscent of presynaptic neurotransmitter vesicles in dendrites (Famiglietti, 1970; Hirata, 1964; Lagier et al., 2007; Powell, 1970a, 1970b; Rall et al., 1966; Shanks and Powell, 1981) . These sites are often in contact with other dendrites that themselves contain apposing vesicle-rich regions, suggesting that these connections are reciprocal ( Figure 1C ). Subsequent electrophysiological analyses have confirmed the functional release of both excitatory and inhibitory neurotransmitters from dendrodendritic synapses (Isaacson and Strowbridge, 1998; Nicoll, 1980, 1982; Phillips et al., 1963) .
Although dendrodendritic synapses have been observed in many neuronal subtypes in different brain regions, we will concentrate our discussion on the prototypical reciprocal synapse between granule and mitral cell dendrites in the olfactory bulb. Olfactory bulb granule cells were originally described by Camillo Golgi as an anomalous neuronal subtype that did not fall into his long or short axon categories. In fact, most granule cells do not appear to have an axon at all, but instead consist of ''protoplasmic elongations'' that span several adjacent regions of dense neuropil in close contact with dendrites of mitral cells (Cajal, 1911; Golgi, 1875; Woolf et al., 1991b) . It was not until the advent of electron microscopy and intracellular recording techniques that it was appreciated that granule cells, even without an axon, contain structures resembling synaptic vesicles and that they could exert a robust, long lasting inhibitory effect on contacting mitral cells upon depolarization (Green et al., 1962; Jahr and Nicoll, 1980; Phillips et al., 1963; Powell, 1970a, 1970b) .
A combination of modeling, ultrastructural analysis, and electrophysiology has led to current models where depolarization of mitral cell dendrites triggers release of glutamate onto granule cell dendrites. Mitral cell glutamate release in turn triggers feedback release of GABA from sites within large granule cell spines onto mitral cell dendrites, inhibiting the activated mitral cell (Figure 2 ) (Isaacson and Strowbridge, 1998; Phillips et al., 1963; Rall et al., 1966; Schoppa et al., 1998) . Even though granule cells lack axons, they do express voltage-gated sodium channels and can fire action potentials that can back-propagate into dendrites (Chen et al., 2002; Jahr and Nicoll, 1982; Wellis and Scott, 1990) . Thus, granule cell activation is thought to trigger widespread feedback inhibition onto mitral cells stimulated by sensory input, as well as feedforward inhibition of unstimulated mitral cells that are coupled to activated granule cells (Rall and Shepherd, 1968) . On the other hand, action potentials are not required for granule cell GABA release since feedback inhibition of mitral cells still occurs even in the presence of tetrodotoxin (TTX) (Jahr and Nicoll, 1982) . These data suggest that even when granule cells are stimulated at a level below the threshold for action potential firing, they can participate in (Egger et al., 2003; Isaacson and Strowbridge, 1998; Jahr and Nicoll, 1980; Woolf et al., 1991a) .
The reciprocal inhibition from granule to mitral cells is thought to play a role in shaping the output of the olfactory bulb, thus sculpting the representation of olfactory stimuli transmitted to piriform cortex and other higher brain centers (Shepherd et al., 2007) . As in axons, dendritic release of GABA from granule cells requires intracellular Ca 2+ (Isaacson, 2001; Isaacson and Strowbridge, 1998 (Burnashev et al., 1992; Hollmann et al., 1991; Verdoorn et al., 1991) , removing granule cell GluR2 resulted in increased Ca 2+ influx upon excitation from mitral cells, which in turn triggered more robust GABA release thus increasing mitral cell inhibition. At the behavioral level, this manipulation accelerated response latencies in odor discrimination tasks. Conversely, deleting the obligate NMDA receptor subunit NR1 in granule cells resulted in decreased GABA release and less robust mitral cell inhibition. Behaviorally, this reduction in dendritic GABA release slowed odor discrimination. Together, these data demonstrate the importance of dendritic exocytosis in shaping olfactory sensory processing (Abraham et al., 2010) . While dendrodendritic synapses have been characterized anatomically and electrophysiologically, very little is known about the molecular composition of these synapses. How similar are dendrodendritic synapses to typical axo-dendritic synapses? Immunolabeling EM studies have revealed the presence of canonical glutamatergic postsynaptic scaffolding molecules PSD-93 and PSD-95 at granule/mitral cell dendrodendritic synapses, suggesting that these synapses resemble typical axo-dendritic synapses (Sassoé -Pognetto et al., 2003) . Additionally, both AMPA receptors and NMDA receptors are found on granule cells at sites apposed to mitral cell dendritic vesicle release zones (Sassoé -Pognetto et al., 2003) . Interestingly, NMDA receptor activation is sufficient to activate dendritic GABA release from granule cells (Chen et al., 2002; Halabisky et al., 2000; Schoppa et al., 1998) . However, Ca 2+ influx through NMDA receptors may not be directly coupled to vesicle release. Rather, Ca 2+ influx through voltage-gated N-or P/Q-type Ca 2+ channels triggered by depolarizing NMDA receptor currents has been shown to mediate vesicle fusion (Isaacson, 2001 ). Similar to presynaptic axon terminals, Ca 2+ influx into granule cells appears to be tightly coupled to vesicle fusion. Introduction of the slow Ca 2+ chelator EGTA has no effect on GABA release from granule cells (Isaacson, 2001) . This observation mirrors the differential effects of slow (EGTA) versus fast (BAPTA) Ca 2+ chelators on vesicle release from presynaptic terminals, indicating that sites of presynaptic Ca 2+ entry are tightly coupled to the vesicle release machinery (Adler et al., 1991) . From a cell biological perspective, the organization of dendrodendritic synapses raises the question of how specialized vesicle release and postsynaptic subdomains are established and maintained in close proximity to each other in the same cell. Many fundamental questions regarding the formation and maintenance of these synapses remain unanswered (Figure 2 ). At presynaptic terminals, endocytosis is required for regenerating synaptic vesicles (Heuser and Reese, 1973; Robitaille and Tremblay, 1987) . Is there a similar specialization near dendrodendritic active zones? In hippocampal neurons, an endocytic zone adjacent to the PSD is required for retaining and recycling glutamate receptors at individual synapses, disruption of which results in a loss of synaptic glutamate receptors Blanpied et al., 2002; Lu et al., 2007; Petrini et al., 2009; Rá cz et al., 2004) . Perhaps a similar endocytic domain is responsible for maintaining neurotransmitter receptors or regenerating dendritic vesicles at dendrodendritic synapses. If this is the case, how is segregation maintained between the recycling membrane pools containing neurotransmitter and the recycling membrane pools containing receptors? If the axon terminal and dendritic release machinery are the same, how do mitral cells subvert the normal polarized trafficking itinerary of axonal molecules required for neurotransmitter release and redirect them to dendrites? Are there components that bridge postsynaptic densities and vesicle release sites that are required to maintain these subdomains in close but nonoverlapping proximity? What are the cell adhesion molecules that bridge the dendrodendritic synapse? The dendrodendritic synapse represents a remarkable exception to the normal rules of neuronal cell polarity; thus the answers to these questions will provide insight not only into the details of olfactory circuitry, but also general principles of how cellular subdomains are specified and maintained. Dendritic Dopamine Release Dopamine has been observed in a variety of dendritic organelles including large dense core vesicles, small synaptic vesicles, and tubulovesicular structures resembling smooth ER in dopaminergic neurons (Bjö rklund and Lindvall, 1975; Nirenberg et al., 1996) . Depletion of dendritic dopamine by reserpine treatment, a vesicular monamine transporter (VMAT) inhibitor, was the first evidence that dopamine in dendrites was a secreted, biologically active pool of neurotransmitter (Bjö rklund and Lindvall, 1975; Nirenberg et al., 1996) . Perhaps the best characterized neurons that exhibit dendritic dopamine release are dopamine neurons of the substantia nigra (SN), which have long striatal axonal projections. The anatomical separation of dendrites and axon terminals in the nigrostriatal circuit makes it possible to measure dendritic dopamine release with little contamination from axonal release. Interestingly, as with mitral cells of the olfactory bulb, SN dopamine neurons have long, sparsely branched dendrites, which would better support high-amplitude back-propagating spikes over long distances and may represent a common morphological principle for neurons that efficiently release neurotransmitters from their dendrites.
The first direct evidence for dendritic dopamine release came from experiments in brain slices directly measuring release of 3 H-dopamine in SN upon potassium-evoked cell depolarization (Geffen et al., 1976) . These results were confirmed in vivo using push-pull canula, microdialysis, and voltammetry in the SN and ventral tegmental area (VTA) (Cheramy et al., 1981; Jaffe et al., 1998; Kalivas and Duffy, 1988) . Dopamine is also released from dendrites in more reduced preparations including dissociated culture (Fortin et al., 2006) . Interestingly, when VMAT2 is exogenously expressed in dissociated hippocampal neurons, which don't normally secrete dopamine from their dendrites or axons, robust dendritic dopamine release is observed (Li et al., 2005) . This experiment reveals that existing activity-dependent secretory pathways in nondopaminergic cells can be co-opted for dopamine release simply by expressing VMAT2, raising the question of what additional release factors might be required for dendritic release from SN dopamine neurons.
The mechanism of dendritic dopamine release has been controversial. One study suggested that dopamine release was not mediated by vesicular fusion, but by reversal of the dopamine transporter (DAT) upon activation of glutamatergic inputs (Falkenburger et al., 2001) . However, other studies have shown that DAT inhibitors do not block dopamine release whereas Clostridial neurotoxins that cleave VAMP/synaptobrevin SNARE proteins (Box 1) block exocytosis of dendritic dopamine, confirming a role for vesicular fusion in dendritic dopamine release (Bergquist et al., 2002; Fortin et al., 2006; John et al., 2006) . As further evidence for a vesicular mechanism, quantal release events can be recorded from the somatodendritic region of dopamine neurons using carbon fiber amperometry (Jaffe et al., 1998) .
Although dendritic dopamine appears to be released by vesicle fusion, the mechanisms are distinct from axonal dopamine release. Both dendritic and axonal dopamine release are dependent on Ca 2+ , but dendritic release is sustained in extracellular Ca 2+ levels below those required for axonal release, suggesting different Ca 2+ sensors for dendritic and axonal exocytosis (Fortin et al., 2006) . The voltage-gated Ca 2+ channel coupled to dendritic dopamine release appears to be different from the axonal channel, perhaps explaining the differential release properties of dendrites and axons. Unlike axonal exocytosis, dendritic dopamine release is not blocked by P/Q-or Ntype Ca 2+ channel blockers (Bergquist et al., 1998; Bergquist and Nissbrandt, 2003; Chen et al., 2006; Chen and Rice, 2001) . Although Ca 2+ is clearly required for dendritic dopamine release, little is known about the Ca 2+ sensor(s) that couple Ca 2+ influx to dopamine vesicle fusion (Chen and Rice, 2001) . Staining for the canonical axonal Ca 2+ sensors synaptotagmin 1 and 2 revealed little signal in the somatodendritic compartment of SN dopamine neurons (Witkovsky et al., 2009) . Staining for other typical axonal release molecules, including syntaxin1a/b, VAMP1, and synaptophysin, is also weak, suggesting a distinct ensemble of dendritic release factors. Indeed, VAMP2, SNAP25, and the plasma membrane t-SNARE syntaxin 3 are present throughout the somatodendritic compartment (Fortin et al., 2006; Witkovsky et al., 2009 ). However, the only functional evidence that any of these proteins are involved in dendritic dopamine release comes from experiments demonstrating sensitivity to botulinum toxin A, which cleaves SNAP-25 (Fortin et al., 2006) . In addition to being a mechanism for release of neurotransmitters, peptides, or other soluble factors, secretory granule fusion may serve as a mechanism for regulated delivery of specific transmembrane proteins to the dendritic plasma membrane. For example in axons, opioid receptors are localized to LDCVs containing neuropeptides and are coinserted into the plasma membrane upon peptide release by LDCV fusion (Bao et al., 2003) . Further studies will be required to determine whether coinsertion/secretion also serves as a mechanism for dendritic trafficking of membrane proteins.
Neuropeptide Release from Dendrites
Neuroactive peptides and peptide hormones are also released from dendrites. Dendritic vasopressin and oxytocin release from magnocellular neurons of the supraoptic nucleus have been studied intensely as this system offers a unique anatomical arrangement allowing independent measure of axonal and dendritic peptide release. These neurons span the blood brain barrier with their dendrites situated in and receiving input from the CNS, and their axons projecting into the peripheral hypophyseal portal circulation. Thus, axonal exocytosis from these neurons results in peripheral release of neuropeptide, which, in the case of oxytocin, mediates reproductive physiology including milk ejection and uterine contractions while dendritically released oxytocin remains in the CNS where it can modify various social behaviors. At the ultrastructural level, the dendrites of these neurons are filled with large dense core vesicles (LDCVs), which are often in close association with the plasma membrane ( Figure 1D ). Pow and Morris (1989) The activity requirements for dendritic release of oxytocin are distinct from those required for axonal release. While synaptic vesicles in axonal terminals fuse with high reliability upon cell spiking, dendritic LDCV fusion requires sustained Ca 2+ elevation, and the actual fusion events are not tightly time locked to cell firing (Xia et al., 2009) . Ca 2+ release from intracellular stores by thapsigargin treatment or by oxytocin is sufficient to induce LDCV exocytosis and promotes priming of the releasable pool of LDCVs in dendrites. However, these treatments have no effect on axonal release (Ludwig et al., 2002; Tobin et al., 2004) . Pretreatment with either oxytocin or thapsigargin enhances subsequent activity-triggered release of oxytocin supporting a feedforward mechanism of oxytocin release through binding of the G q -coupled oxytocin receptor and subsequent activation of phospholipase-C and Ca 2+ release from ER stores. This feedforward enhancement lasts for tens of minutes, suggesting that it is a form of plasticity that transiently lowers the threshold for peptide release (Tobin et al., 2004) .
Dynorphin peptide exocytosis is another example where axonal and dendritic release is differentially regulated. Dynorphin is secreted from hippocampal granule cell dendrites and acts retrogradely through presynaptic k-opioid receptors to inhibit neurotransmitter vesicle release from perforant path terminals (Drake et al., 1994) . Dynorphin-mediated depression at perforant path synapses is blocked by both N-type and L-type Ca 2+ receptor antagonists, but only N-type inhibitors block axonal release of dynorphin, demonstrating a distinct role for L-type Ca 2+ channels in dendritic exocytosis (Simmons et al., 1995) . The differential activity requirements for dendritic versus axonal release is a common theme in various subtypes of peptidesecreting neurons and suggests the presence of distinct dendritic release machinery that can respond to Ca 2+ from different sources to trigger vesicle release. However, the release machinery, including the complete cast of SNARE proteins and Ca 2+ sensors in dendrites and axons of peptidergic neurons, remains to be identified.
Dendritic Exocytosis and Neuronal Morphology
Neurons are polarized cells with typically one axon housing the molecular machinery for neurotransmitter release and several dendrites containing receptors and signaling molecules necessary to respond to neurotransmitter. How neuronal polarity is established and how molecules are sorted, delivered, and retained in neuronal subdomains remain central questions in cellular neurobiology (Barnes and Polleux, 2009) . From the first steps of neurite outgrowth to maturity, the total membrane surface area of neurons can increase by several orders of magnitude, requiring massive amounts of membrane synthesis and mobilization to growing dendritic and axonal processes. Disruption of the endoplasmic reticulum (ER)-Golgi secretory pathway in developing neurons using pharmacologic or genetic methods prevents dendritic outgrowth in both mammals and insects (Horton et al., 2005; Ye et al., 2007) , illustrating a conserved role for membrane addition in shaping developing neurons. However, when tetanus toxin (TeNT), a protease that cleaves most VAMP proteins, is added to dissociated cultures, dendritic arbor development is largely unaffected even after weeks of exposure to TeNT (Harms and Craig, 2005) . Furthermore, neuronal morphology was normal in animals lacking VAMP2 or SNAP25 (Schoch et al., 2001; Washbourne et al., 2002) . These observations may be reconciled by data demonstrating that a toxin insensitive VAMP family member, Ti-VAMP/VAMP7, is involved in neurite outgrowth in differentiating PC12 cells (Burgo et al., 2009; Martinez-Arca et al., 2001) . Whether Ti-VAMP/ VAMP7 plays a role specifically in axon or dendritic outgrowth, or whether a SNARE-independent pathway exists for neuronal development, remain open questions. Once established, neuronal polarity and morphology are maintained for months or years in spite of rapid turnover of cell membrane lipids and proteins. Demonstrating the importance of ongoing membrane trafficking in maintaining neuronal morphology, Horton et al. (2005) blocked the secretory pathway by disrupting trafficking at the level of the Golgi apparatus in mature neurons. This manipulation triggered a dramatic simplification of the dendritic arbor and a 30% loss in total dendrite length after 24 hr, indicating that forward trafficking through the secretory pathway to the PM is required for maintenance of dendritic morphology. Consistent with results from Drosophila sensory neurons (Ye et al., 2007) , axonal morphology of cortical and hippocampal neurons was not affected by blocking secretory trafficking (Horton et al., 2005) , indicating that ongoing membrane trafficking through the canonical secretory pathway is selective for dendritic growth and stability, perhaps due to a switch in the directionality of polarized post-Golgi traffic and exocytosis from axons to dendrites (de Anda et al., 2005) .
While the overall architecture of mature neurons is stable, dendrites from cortical neurons exhibit activity-dependent morphological plasticity, particularly during development. This is illustrated by experiments demonstrating the influence of sensory experience on cortical ocular dominance columns and whisker barrel columns. In both cases, dendrites from layer IV stellate neurons in regions bordering sensory deprived receptive fields orient themselves away from the deprived field, demonstrating the role of ongoing dendrite remodeling in shaping neuronal connectivity in response to experience (Datwani et al., 2002; Kossel et al., 1995) . While future experiments will be necessary to determine how neuronal activity is coupled to experience-dependent changes in cellular morphology, it is likely that sensory input ultimately impinges upon factors influencing cytoskeletal rearrangement and exocytic trafficking to sculpt dendritic architecture important for circuit connectivity and sensory plasticity.
Neuronal Transcytosis
Once neuronal morphology and polarity is established, it must be maintained by sorting dendritic and axonal factors to their respective subcellular domains. In some cases, post-Golgi carriers deliver lipids and transmembrane components directly to either dendrites or axons. However, in many cases intracellular vesicles harboring presynaptic proteins, including VAMP2, synaptophysin, TrkA, and L1/NgCaM, are first exocytosed to the dendritic PM followed by endocytosis and subsequent transport to axons (Ascañ o et al., 2009; Sampo et al., 2003; Wisco et al., 2003; Yap et al., 2008) . This circuitous mode of trafficking, termed transcytosis, was first discovered in capillaries where it was observed that circulating macromolecules could traverse the vascular epithelia to the interstitium (Pappenheimer et al., 1951) . Another well-studied example of transcytosis is immunoglobulin A secretion from epithelial cells (Rojas and Apodaca, 2002) . Later it was discovered that not only soluble factors, but also integral membrane proteins can be transferred from one end of polarized epithelial cells to the other via transcytosis (Bartles et al., 1987) . In neurons, VAMP2 was among the first axonal proteins shown to undergo transcytosis on its journey to axonal terminals. Disrupting the VAMP2 endocytosis signal leaves it stranded at the somatodendritic PM, demonstrating directly that VAMP2 is initially trafficked to the somatodendritic PM and that a subsequent endocytosis step is required to redirect it to axons (Sampo et al., 2003) .
Trafficking of axonal molecules to the dendritic PM raises the intriguing possibility that these molecules are not simply passive bystanders on their way to the axon, but may actually perform postsynaptic functions even though their steady-state levels are higher in axons. For example, does VAMP2 reside on vesicles harboring postsynaptic factors such as neurotransmitter receptors? Does VAMP2 participate in exocytosis to the dendritic PM or is it merely hitchhiking on vesicles directed to the dendritic PM by a different VAMP? Intriguingly, NEEP21, a factor residing on dendritic recycling endosomes involved in AMPA receptor trafficking (Steiner et al., 2005) , also influences the appropriate targeting of L1/NgCaM to axons, suggesting that L1/NgCaM may be temporarily cotransported in AMPA receptor-containing endosomes (Steiner et al., 2002; Yap et al., 2008) . Although more experiments are needed to define the roles of ''presynaptic'' molecules in dendrites, transcytosis could be an economical way for neurons to utilize the same factors for both pre-and postsynaptic vesicle trafficking.
Dendritic Exocytosis of Amyloid b
Neuronal release of amyloid beta (Ab) is implicated in the pathophysiology of Alzheimer's disease (AD) (Haass and Selkoe, 2007; Palop and Mucke, 2010) . Pathogenic Ab is released from both presynaptic terminals and dendrites (Cirrito et al., 2005; Kamenetz et al., 2003; Wei et al., 2010) . Interestingly, endocytosis of the amyoid precursor protein (APP) is required for proteolytic conversion to pathogenic Ab (Cirrito et al., 2008; Dash and Moore, 1993; Marquez-Sterling et al., 1997) , and APP is found in the somatodendritic compartment of neurons (Allinquant et al., 1994) , suggesting that at least a fraction of APP is first delivered to the somatodendritic plasma membrane, and subsequently endocytosed and either processed into Ab and retained in dendrites or processed while it is trafficked to axon terminals through a transcytotic mechanism. While most studies have focused on Ab release from presynaptic terminals, a recent study demonstrated that Ab is also released from dendrites and that dendritic Ab release decreases the number of excitatory synapses not only on cells overexpressing APP, but also in neighboring cells up to 10 mm away (Wei et al., 2010) . Furthermore, drugs that block action potentials (TTX) or NMDA receptors (AP5) rescued the reduction in spine number indicating that neuronal firing and NMDA receptor activity are required for the Ab-induced synapse loss. Secretion of Ab was reduced by TTX, indicating that neuronal firing is required for Ab release. Several questions remain: What is the identity of the subcellular vesicles harboring Ab prior to release? Is there any overlap with known secreted factors? Is presynaptic Ab derived from APP trafficked first to dendrites and then endocytosed, processed, and trafficked to terminals along with other presynaptic molecules that undergo transcytosis? Finally, what are the molecules that mediate the ultimate fusion and release of Ab both pre-and postsynaptically? A careful dissection of Ab release mechanisms will yield potential therapeutic targets that could limit pathogenic Ab accumulation and will offer clues as to whether this pathway is altered in disease states. In this regard, it is interesting to note that the neuronal sortilin-like receptor 1 (SORL1, also known as SORLA and LR11) directs trafficking of APP into recycling pathways and is genetically associated with late-onset AD (Andersen et al., 2005; Rogaeva et al., 2007) .
Postsynaptic Neurotrophin Exocytosis
Retrograde signaling from dendrites to presynaptic terminals has been implicated in synapse growth, function, and plasticity (Regehr et al., 2009 ). Among these retrograde factors are growth factors and neurotrophins including brain-derived neurotrophic factor (BDNF). Secreted BDNF binds to and activates TrkB receptors, which control a variety of cellular functions including gene regulation, synaptic transmission, and morphological plasticity (Lessmann et al., 1994; Lohof et al., 1993; Tanaka et al., 2008) . Although it is widely accepted that BDNF is released from axon terminals (Altar et al., 1997; Conner et al., 1997; von Bartheld et al., 1996) , several recent studies also suggest activity-triggered BDNF release from dendrites. In cultured hippocampal neurons, exogenously expressed BDNF fused to GFP localizes to punctate vesicular structures throughout the dendritic arbor (Dean et al., 2009; Hartmann et Evidence for release of vesicular BDNF comes from experiments examining the intensity of BDNF puncta in dendrites following electrical stimulation or high K + -induced depolarization. BDNF-GFP puncta disappear within seconds following stimulation, suggesting vesicular exocytosis and release into the extracellular media (Hartmann et al., 2001) .
Dendritic BDNF-GFP vesicle fusion requires Ca 2+ /calmodulindependent protein kinase type IIa (CaMKIIa), which is also required in postsynaptic neurons for induction of LTP, raising the possibility that BDNF release shares mechanisms with prototypical Hebbian synaptic plasticity (Kolarow et al., 2007) . Activity-triggered BDNF release also requires dendritic depolarization by back-propagating action potentials, and voltage dependent Ca 2+ channels have been implicated as the source of Ca 2+ for BDNF release (Kuczewski et al., 2008) . Although neuronal firing is required for dendritic BDNF release, the activity requirements appear to be distinct from axonal terminal release of BDNF (Matsuda et al., 2009) . Low-frequency cell spiking resulted in axonal vesicles partially fusing with the axolemma followed by quick retrieval and little BDNF release. However, under the same conditions, dendritic BDNF vesicles appeared to fully fuse with the PM, releasing their full complement of BDNF. Only after prolonged bursts of activity would BDNF vesicles in axon terminals fully fuse and release BDNF, consistent with terminal release of BDNF during epileptiform activity (Matsuda et al., 2009). However, the bulk of these studies relied on expression of exogenous BDNF-GFP. Whether endogenous BDNF follows the same trafficking rules remains to be determined. Tanaka et al. (2008) showed that BDNF signaling through TrkB is involved in morphological changes that occur following glutamate uncaging over individual dendritic spines. Interestingly, glutamate uncaging immediately followed by postsynaptic cell spiking triggered a robust increase in spine volume that was much larger than glutamate uncaging alone. Spike-dependent spine growth persisted for 10-15 min following uncaging and required protein synthesis. Inhibitors of BDNF/TrkB signaling, including a blocking antibody and the kinase inhibitor K252a, blocked spike-dependent spine growth, supporting a model where spiking elicits synthesis and secretion of BDNF, which acts in an autocrine manner to influence morphological plasticity (Tanaka et al., 2008) .
The identity of the intracellular vesicular structures harboring BDNF have not been well defined. Dense core vesicles (DCVs) are thought to house a majority of BDNF at presynaptic terminals, but DCVs are rare in the dendrites of many central neurons thought to release BDNF. For example, numerous studies have used hippocampal pyramidal neurons as a model for dendritic BDNF release, yet ultrastructural analysis reveals only sparse if any DCVs in the dendrites of these neurons (Cooney et al., 2002; Hartmann et al., 2001; Kolarow et al., 2007; Kuczewski et al., 2008) . Alternatively, BDNF could be directly mobilized to the PM in Golgi carriers or through a Golgi-to-endosome pathway, but more experiments are required to unravel the subcellular trafficking itinerary of dendritically released neurotrophins.
Retrograde neurotrophic signaling has also been observed at the Drosophila neuromuscular junction (NMJ). Muscle-derived factors are known to coordinate NMJ growth during development. For example, the BMP homolog glass bottom boat (Gbb) is secreted from muscle and binds to the presynaptic BMP receptor wishful thinking (Wit), which is known to initiate a BMP signaling cascade culminating in nuclear accumulation of P-Mad (McCabe et al., 2004; McCabe et al., 2003) . Mutant animals lacking Gbb have smaller NMJs and disorganized presynaptic terminals and lack nuclear accumulation of P-MAD, phenotypes that overlap with Wit null animals. Evidence that Gbb acts in a retrograde manner comes from rescuing Gbb null animals with a muscle-specific promoter, which results in restored synapse size, bouton number, and levels of nuclear P-MAD in motoneurons (McCabe et al., 2003) .
Retrograde signaling has also been found to have robust effects on presynaptic vesicle release probability at the Drosophila NMJ. Blocking postsynaptic glutamate receptors by genetic deletion of GluRIIA initiates a compensatory increase in vesicle release probability that precisely offsets decreased postsynaptic responsiveness to glutamate (Petersen et al., 1997) . Surprisingly, this retrograde signaling pathway could also be activated within minutes by acute introduction of the pharmacological glutamate receptor inhibitor philanthotoxin to NMJ preparations (Frank et al., 2006) . This experiment demonstrates that pre-and postsynaptic compartments are in constant communication with one another and that changes in muscle responsiveness can be quickly compensated through modulating the probability of presynaptic vesicle release. It is not yet known whether this form of homeostatic plasticity requires vesicular fusion in muscle or whether a membrane permeable signal is generated that can freely diffuse from muscle to axon terminals.
A different form of retrograde plasticity at the Drosophila NMJ involves postsynaptic vesicular fusion. Following strong stimulation, the frequency of presynaptic spontaneous vesicle release increases for minutes (Yoshihara et al., 2005) . Ca 2+ is required for this effect and it is blocked at restrictive temperatures by postsynaptic expression of the temperature-sensitive dynamin mutant shibire ts1 , which is required for compensatory endocytosis following vesicle fusion. These data suggest that ongoing endocytosis in muscle is required for this presynaptic effect, perhaps by generation of postsynaptic endocytic vesicles. Direct visualization of postsynaptic vesicles revealed that exocytosis does indeed occur near apposing presynaptic active zones (Yoshihara et al., 2005) . Although the physiological significance of this form of plasticity is not fully delineated, these data suggest that vesicles in muscle fuse and release a soluble signal that traverses the synaptic cleft and signals to the presynaptic release machinery.
Postsynaptic Exocytosis and Synaptic Plasticity
Some of the first evidence that synaptic plasticity requires postsynaptic exocytosis came from experiments where various factors that inhibit SNARE-mediated membrane fusion were infused into postsynaptic neurons via a recording pipette (Lledo et al., 1998) . Each of these factors, which included N-ethylmaleimide, botulinum toxin B, and a short peptide designed to interfere with the binding of NSF to SNAP, blocked LTP triggered by stimulating nearby Schaffer collateral axons. This early observation led to a model where intradendritic vesicles harboring AMPA-type glutamate receptors fuse with the plasma membrane upon LTP induction. Synaptic strength increases as newly inserted AMPA receptors become incorporated into synapses (Newpher and Ehlers, 2008) . In addition to functional plasticity, several studies have shown that postsynaptic exocytosis is critical for morphological plasticity at glutamatergic synapses (Kopec et al., 2006 (Kopec et al., , 2007 Park et al., 2004 Park et al., , 2006 Yang et al., 2008) . Dendritic spines, the micron-sized protrusions contacted by axonal terminals at excitatory synapses, stably increase their volume by 2-fold following NMDA receptor activation (Matsuzaki et al., 2004) . Infusion of botulinum toxin B, which cleaves VAMP family SNARE proteins, or expression of dominant-negative SNARE proteins in postsynaptic neurons blocks stimulus-induced spine growth (Kopec et al., 2007; Park et al., 2006; Yang et al., 2008) , indicating that morphological plasticity requires membrane fusion.
More recent experiments have sought to define the identity of the intracellular membrane stores, location of activity-triggered exocytosis, the cargo responsible for synapse potentiation, and the SNARE molecules involved in postsynaptic vesicle fusion. Serial reconstruction electron microscopy studies demonstrated the presence of membrane-bound structures, including recycling endosomes, throughout dendrites and in a large fraction of dendritic spines ( Figure 1B) (Cooney et al., 2002) . This observation, along with experiments demonstrating that AMPA receptors are endocytosed and reinserted upon synaptic activation, suggested that dendritic recycling endosomes are the internal membrane stores mobilized to the plasma membrane in response to LTP-inducing stimuli (Beattie et al., 2000; Carroll et al., 1999; Ehlers, 2000; Lü scher et al., 1999) . More direct evidence for RE involvement came from studies demonstrating that LTP was impaired when RE function was blocked using dominant negative versions of syntaxin 13 (Stx13) and the Eps15 homology domain protein Rme1/EHD1, thus establishing a direct link between REs and synaptic plasticity (Park et al., 2004) .
In initial efforts to determine where glutamate receptors are exocytosed, Adesnik et al. (2005) used a cell-impermeable photoreactive AMPA receptor inhibitor. By irreversibly inhibiting AMPA receptors on the cell surface, the exchange rate of surface AMPA receptors could be measured by recording synaptic or extrasynaptic AMPA currents originating from different regions of the neuron through a combination of electrical stimulation or glutamate uncaging. Surprisingly, exchange of synaptic AMPA receptors took place only after several hours, a timescale much slower than previously thought. In contrast, AMPA receptor currents measured at the cell body by glutamate uncaging recovered within minutes, suggesting more rapid cycling of receptors at the neuronal soma under basal conditions (Adesnik et al., 2005) .
Efforts to directly visualize postsynaptic exocytosis following plasticity induction relied on the use of several different optical probes. The first optical demonstration of activity-triggered exocytosis in dendrites relied on the lipophilic styryl dye FM1-43, which partitions into the plasma membrane, and eventually into internal membrane stores upon endocytosis (Maletic-Savatic and Malinow, 1998) . While FM dyes have mainly been used to monitor presynaptic vesicle fusion, long-term exposure of cultured neurons to FM1-43 resulted in dye uptake into postsynaptic compartments. This postsynaptic signal destains within minutes upon neuronal stimulation indicating postsynaptic vesicle fusion (Maletic-Savatic and Malinow, 1998) . More recent optical probes have been largely based on superecliptic pHluorin (SEP), a pH-sensitive GFP variant, which is brightly fluorescent at neutral pH but is quenched in acidic endosomal lumen (Miesenbö ck et al., 1998) . By analogy to presynaptic terminals, where synaptopHluorin (VAMP2-SEP) has been widely used to visualize glutamate vesicle release, SEP-labeled AMPA-type glutamate receptors have been used in a number of studies to visualize postsynaptic exocytosis (Araki et al., 2010; Jaskolski et al., 2009; Kennedy et al., 2010; Kopec et al., 2006 Kopec et al., , 2007 Lin et al., 2009; Makino and Malinow, 2009; Patterson et al., 2010; Yudowski et al., 2007) . There are four different AMPA receptor subtypes (GluA1-4) with synapses in adult hippocampal pyramidal cells containing heterotetramers composed of mainly GluA1/2 or GluA2/3 subtypes. Current models suggest that GluA2/3 receptors are constitutively trafficked to synapses while GluA1-containing AMPA receptors are trafficked to synapses in response to synaptic activity (Araki et al., 2010; Kopec et al., 2006; Passafaro et al., 2001; Shi et al., 2001 ). However, re-evaluation of this model may be necessary in light of a recent study that used a conditional knockout strategy to show that under basal conditions most AMPA receptor current is mediated by GluA1-containing receptors ). Whether plasticity is altered in neurons in which various AMPA receptor subunits have been conditionally deleted remains to be seen.
Because GluA1 is thought to be trafficked to synapses during plasticity, most studies have used SEP-GluA1 as a reporter for activity-dependent AMPA receptor insertion (Kopec et al., 2006 (Kopec et al., , 2007 Lin et al., 2009; Makino and Malinow, 2009; Patterson et al., 2010; Petrini et al., 2009; Yudowski et al., 2007) . One elegant study using fluorescence recovery after photobleaching (FRAP) demonstrated that constitutive exocytosis of SEP-GluA1 occurs in dendrites on the timescale of minutes (Petrini et al., 2009) . In this study, the SEP-GluA1 signal was bleached over a large dendritic region. Newly exocytosed signal was isolated by repeatedly bleaching a small region at the boundary of the bleached region creating an optical barrier to prevent contamination of the recovery signal from laterally diffusing SEP-GluA1 from unbleached regions. Under these conditions, approximately twenty percent of the total signal recovered in 20 min indicating constitutive cycling of receptors and providing an optical correlate complementary to prior electrophysiology studies demonstrating that blocking postsynaptic exocytosis leads to a gradual rundown in synaptic AMPA receptor-mediated currents .
SEP-GluA1 has also been used to study exocytosis following various forms of neuronal stimulation. Following exposure of neurons to 0 Mg 2+ /glycine, the frequency of SEP-GluA1 insertion events increases, implying that internal membrane-bound stores of GluA1 are mobilized by NMDA receptor activation (Yudowski et al., 2007) . Conversely, including glutamate receptor blockers and TTX decreases the frequency of GluA1 exocytic events (Lin et al., 2009) . SEP-GluA1 has also been used as a functional reporter to identify molecules involved in AMPA receptor insertion. For example, Lin et al. (2009) used an optical approach to demonstrate that 4.1N, which interacts directly with GluA1, is involved in GluA1 insertion. The interaction between 4.1N and GluA1 depends on phosphorylation at two serine residues (S816, S818) on the C-terminal tail of GluA1 by PKC. Mutation of these sites to alanine prevented GluA1/4.1N interaction and impaired GluA1 from reaching the cell surface. Loss and gain of function by shRNA and overexpression blocked and enhanced GluA1 insertion, respectively. These data suggest that PKC regulates the GluA1/4.1N interaction, which is required for trafficking of GluA1 to the plasma membrane. In this and other studies (Lin et al., 2009; Makino and Malinow, 2009; Yudowski et al., 2007) , SEP-GluA1 exocytic events were observed throughout the somatodendritic compartment, but not in dendritic spines. Although SEP-GluA1 inserted into the dendritic shaft can diffuse into nearby spines (Yudowski et al., 2007) , receptor levels quickly re-equilibrate to near basal levels within seconds, suggesting that newly inserted GluA1 is not efficiently trapped in spines, that the number of trapped receptors are too few to quantify, or that GluA1 is quickly endocytosed upon spine entry and is trapped in internal spine endosomes. This is a counterintuitive result considering that enrichment of surface GluA1-containing AMPA receptors at synapses is thought to be a principle mechanism for LTP (Hayashi et al., 2000; Shi et al., 1999) . More selective activity manipulations, including 2-photon glutamate uncaging at individual dendritic spines also revealed that SEP-GluA1 is inserted in the dendritic shaft near and within activated spines (Makino and Malinow, 2009; Patterson et al., 2010) . Whole-cell voltage-clamp recordings performed while uncaging glutamate over a spine or the adjacent shaft showed that the amplitude of uncaging-induced excitatory postsynaptic currents (uEPSCs) increases first in spines and then in the adjacent dendritic shaft following LTP induction (Makino and Malinow, 2009 ). These findings indicate that AMPA receptor content, conductance, or both increase in spines before an increase is seen in the shaft, consistent with insertion of glutamate receptors directly in the activated spine. Alternatively, fast diffusion of dendritic AMPA receptors to activated spines could take place, followed by gradual replenishment of AMPA receptors by dendritic exocytosis. Unexpectedly, the relative amplitudes of dendritic uEPSCs were as large or larger than spine uEPSCs and remained elevated over baseline levels for at least 10 min following LTP induction, a surprising result given that AMPA receptors are thought to be enriched at synapses (Tarusawa et al., 2009) . This finding suggests a higher sustained extrasynaptic concentration of dendritic AMPA receptors than previously appreciated. One corollary of the sustained increase in extrasynaptic AMPA currents following single spine LTP is that newly inserted dendritic AMPA receptors have limited mobility following exocytosis (Makino and Malinow, 2009) . One alternative scenario is that exocytosis of a membraneassociated ''synaptic tag'' marks potentiated synapses for incorporation of AMPA receptors derived from the existing pool of surface receptors via lateral diffusion. Although the identity of such synaptic tags and the complement of molecules co-transported with AMPA receptors are unknown, such a model could explain how postsynaptic exocytosis contributes to LTP through recruiting an existing pool of surface AMPA receptors.
Further addressing this point, a recent study demonstrated that exocytosis of AMPA receptor-containing endosomes occurs within spines, immediately adjacent to the PSD (Kennedy et al., 2010) . This study used an optical reporter for recycling endosome fusion based on transferrin receptor, a classic marker for recycling endosomes, to demonstrate that recycling endosomes present within spines fuse in all-or-none events with the spine plasma membrane (Figure 3) . In contrast to most previous studies, these experiments demonstrate directly that SEP-GluA1 housed in TfR-positive endosomes can be inserted into the spine plasma membrane and is retained in spines for at least several minutes following exocytosis. In contrast, coexocytosed TfR from the same endosome quickly diffuses out of the spine head within seconds, demonstrating selective AMPA receptor retention at or near synapses (Borgdorff and Choquet, 2002; Ehlers et al., 2007; Kennedy et al., 2010; Tardin et al., 2003) . In a more recent study, spine exocytosis and trapping of newly inserted SEP-GluA1 was observed in response to glutamate uncaging at single synapses, indicating that spine exocytosis may play an important role in synaptic plasticity induced by both global and spatially restricted synaptic stimulation (Patterson et al., 2010) . Surprisingly, exocytosis did not depend on CaMKIIa, whose activity is known to be required for NMDA receptordependent synaptic potentiation. Instead, postsynaptic exocytosis was mediated by the small GTPase Ras, which had been previously demonstrated to play a role in AMPA receptor mobilization during synaptic potentiation (Zhu et al., 2002) .
To summarize, studies using SEP-GluA1 as an optical reporter in dissociated cultures or in cultured slices have demonstrated activity-triggered insertion of GluA1 in dendrites following either local (Makino and Malinow, 2009) or global (Lin et al., 2009; Yudowski et al., 2007) synaptic activity, but currently only two studies have observed exocytosis directly within dendritic spines using SEP-GluA1 in response to local synaptic activity (Patterson et al., 2010) or TfR-SEP in response to global synaptic activity (Kennedy et al., 2010 ). An explanation for this discrepancy may be that expressed SEP-GluA1 traffics to only a small fraction of endosomes within spines (in contrast to endogenous GluA1, which is found in the majority of spine endosomes), making observation of spine exocytic events difficult when using SEP-GluA1 as a probe (Kennedy et al., 2010) . This difference between expressed and endogenous receptor localization may be due to trafficking differences between expressed homomeric versus native heteromeric receptors, or to incomplete stochiometry between expressed AMPA receptors and their accessory subunits (e.g., TARPs).
Molecules Mediating Activity-Triggered Postsynaptic Exocytosis
It has long been known that postsynaptic SNARE proteins are responsible for membrane fusion (Lledo et al., 1998) , but the molecules mediating postsynaptic membrane fusion are only beginning to emerge. SNARE proteins, including the syntaxin, SNAP-23/25, and synaptobrevin/VAMP protein families, link intracellular vesicles to their target membranes and drive membrane fusion (Box 1) (Jahn and Scheller, 2006; Martens and McMahon, 2008) . Of the 15 members of the syntaxin family in mammalian cells (Teng et al., 2001) , only four (Stx1-4) localize to the plasma membrane. While Stx1 localizes to presynaptic terminals, the role of other syntaxins in neurons is not well understood. A recent study demonstrated that of all the PM syntaxins, only Stx4 is enriched in spines (Kennedy et al., 2010) , perhaps due to its unique ability to directly bind actin (Jewell et al., 2008) . Imaging RE exocytosis in spines revealed that exocytosis occurs at spine microdomains enriched for syntaxin-4 (Stx4) ( Figures 3C and 3D) (Kennedy et al., 2010) . Functional disruption of Stx4 blocks spine RE fusion and impairs LTP, indicating that Stx4 defines an exocytic domain in dendritic spines for synaptic plasticity.
Interestingly, Stx4 plays a role in other forms of regulated exocytosis in diverse cell types. For example, Stx4 is involved in glucose-triggered insulin secretion from pancreatic b cells, IgE-dependent granule release from mast cells, and insulin-stimulated glucose receptor trafficking from adipose cells, highlighting a conserved role for Stx4 in different forms of regulated secretion (Mollinedo et al., 2006; Olson et al., 1997; Paumet et al., 2000; Saito et al., 2003; Spurlin and Thurmond, 2006; Volchuk et al., 1996; Yang et al., 2001) . It is interesting to note the role of Stx4 in insulin-triggered glucose receptor exocytosis in adipocytes and muscle (Olson et al., 1997; Volchuk et al., 1996; Yang et al., 2001 ) since Passafaro et al. (2001) demonstrated that exposing neurons to insulin results in increased surface GluA1. Moreover, in developing Xenopus optic tectum, insulin receptor signaling regulates dendritic morphological plasticity and synapse number (Chiu et al., 2008) . One possibility is that insulin mobilizes a selective pool of receptors, membrane, and synaptic molecules through a conserved signaling pathway involving Stx4 (Passafaro et al., 2001) . The other SNARE proteins that partner with Stx4 to form the core SNARE complex for AMPA receptor trafficking during plasticity have yet to be determined. A VAMP family member is known to be involved based on experiments demonstrating that postsynaptic infusion of either botulinum toxin B or tetanus toxin blocks LTP (Lledo et al., 1998; Lu et al., 2001) . However, because these toxins target many VAMP family members the identity of the VAMP family member(s) that controls postsynaptic exocytosis for LTP currently remains unknown.
A different SNARE protein, SNAP-25, participates in exocytosis of NMDA receptors in dendrites (Lan et al., 2001b; Lau et al., 2010) . Lan et al. (2001b) first demonstrated that activation of group I metabotropic glutamate receptors potentiates NMDA receptor surface experession in a Xenopus oocyte expression system. Botulinum toxin A, which specifically disrupts SNAP-25 blocked this effect, demonstrating a SNARE-dependent mechanism for regulated NMDA receptor trafficking. Lau et al. (2010) later demonstrated that SNAP-25 is a direct substrate of PKC and that NMDA receptor insertion in response to PKC activation could be blocked by mutating a single serine residue (S187). In hippocampal neurons, introduction of PKM, a constitutively active isoform of PKC, potentiated NMDA currents and this effect was shown to be SNAP-25-dependent based on its sensitivity to botulinum toxin A. While many of these experiments were performed by bath application of NMDA, which does not differentiate between extrasynaptic and synaptic receptors, this study also used stimulation of mossy fibers in hippocampal slices to measure synaptic NMDA currents in CA3 pyramidal neurons (Lau et al., 2010) , demonstrating that PKC activation induces NMDA receptor insertion and incorporation into synapses within minutes.
In a different study, Makino and Malinow (2009) demonstrated that GluA1 insertion triggered by global synaptic activity is sensitive to botulinum toxin A, implicating SNAP-25 in activity-dependent delivery of AMPA receptors to the plasma membrane. Spontaneous excitatory postsynaptic potentials measured in neurons from mice deficient for SNAP-25 display slightly decreased amplitude indicating that SNAP-25 may be involved in, but is not required for, constitutive delivery of glutamate receptors to the plasma membrane (Bronk et al., 2007) . The relative contribution of AMPA receptors versus NMDA receptors in response to synaptic stimulation was not measured, but currents measured in response to NMDA application were normal in SNAP-25 deficient neurons indicating normal total surface levels of NMDA receptors (Washbourne et al., 2002) .
A different SNAP family member, SNAP-23, has been shown to be enriched in dendritic spines where it localizes at or near the PSD (Suh et al., 2010) . Neurons from mice lacking SNAP-23 or RNAi knockdown of SNAP-23 reduced NMDA receptor surface expression and NMDA receptor currents, while loss of SNAP-25 had no effect. These findings provide strong evidence that SNAP-23 contributes to the exocytic machinery of dendrites, perhaps along with its known SNARE partner Stx4 (Paumet et al., 2000) . SNAP-23 is also involved in the transport of NMDA receptors to the plasma membrane prior to synapse formation (Washbourne et al., 2004) . Although the reasons for the differential involvement of SNAP-25 and SNAP-23 in NMDA receptor trafficking in different studies is unclear, it could reflect different stages in neuronal development, changes with chronic versus acute SNARE disruption, or multiple overlapping combinations of SNARE proteins that each contribute to NMDA receptor trafficking. In any case, these studies provide new clues in an unexplored area of glutamate receptor trafficking, which has largely focused on AMPA receptors. The physiological significance of PKC-dependent NMDA receptor exocytosis remains to be elucidated but one possibility is that PKC activation boosts synaptic NMDA receptor content, thus lowering the threshold for Hebbian forms of plasticity.
The exocyst family of proteins has also been implicated in postsynaptic membrane trafficking required for plasticity. The exocyst complex consists of eight members, including Sec3, Sec5, Sec6, Sec8, Sec10, Sec15, Exo70, and Exo84 (Hsu et al., 2004; Lipschutz and Mostov, 2002) . The exocyst was first discovered in yeast, where mutants of exocyst components disrupt polar secretion and cause accumulation of intracellular vesicles (Novick et al., 1980) . Homologs of the exocyst complex are also found in the mammalian nervous system at subcellular domains of membrane addition, including growth cones, neurites, and filopodia (Hazuka et al., 1999; Vega and Hsu, 2001) . Evidence for the involvement of the exocyst in AMPA receptor trafficking comes from experiments using dominant-negative versions of the exocyst components Exo70 and Sec8 (Gerges et al., 2006) . Disrupting Sec8 interfered with AMPA receptor targeting to synapses, but not total surface levels of AMPA receptors. Disrupting Exo70 interfered with trafficking of AMPA receptors to the cell surface and resulted in an accumulation of internal AMPA receptors in spines, providing evidence that Exo70 plays a role in late steps of AMPA receptor trafficking. A similar accumulation of endosomes was observed upon Stx4 disruption (Kennedy et al., 2010) , suggesting that Exo70 and Stx4 may serve a coordinated function in dendritic spine exocytosis, although more experiments are needed to establish a direct link.
An important but unresolved question is the identity of the Ca 2+ sensor(s) for activity-triggered postsynaptic exocytosis. Although it has long been appreciated that a rise in postsynaptic Ca 2+ is necessary for LTP (Lynch et al., 1983 ) and sufficient to drive synaptic potentiation (Malenka et al., 1988) , the full range of molecular sensors responsible is only recently emerging. A well-studied Ca 2+ sensor required for LTP is CaMKIIa (Colbran and Brown, 2004; Lisman et al., 2002) , which directly phosphorylates a number of postsynaptic proteins, including AMPA receptors (Barria et al., 1997 (Correia et al., 2008) . Expressing a dominantnegative version of MyoVa or siRNA against MyoVa blocked LTP. However, synaptic plasticity deficits were not observed in mice lacking MyoVa (Schnell and Nicoll, 2001 ) indicating either compensation induced by lack of MyoVa during development or off-target effects of siRNA/dominant-negative reagents used in Correia et al. (2008) . Further experiments using conditional MyoVa alleles to disrupt MyoVa at later stages of development are needed to address this discrepancy. In presynaptic terminals, synaptic vesicle fusion is triggered by influx of Ca 2+ , which directly binds C2 domains of synaptotagmin 1, thereby directly coupling elevated Ca 2+ to SNARE-mediated exocytosis (Chapman, 2008) . A recent study demonstrated that disrupting a different synaptotagmin family member, synaptotagmin 4 (Syt4), blocks retrograde signal-mediated plasticity at the Drosophila NMJ. Yoshihara et al. (2005) demonstrated that high-frequency stimulation of muscle cells triggers an increase in the probability of presynaptic vesicle release. Animals null for Syt4 lack this form of retrograde signaling, which can be rescued by expressing Syt4 in muscle, suggesting that Ca 2+ influx is coupled to postsynaptic vesicular trafficking. Interestingly, BDNF release from cultured mouse hippocampal neurons is also regulated by Syt4 (Dean et al., 2009) . Syt4 localizes to BDNF-containing vesicles in dendrites. Expression of a pHluorin-tagged version of Syt4 allowed visualization of Syt4-containing vesicle fusion events, which increased upon depolarization. Moreover, neurons from Syt4 knockout mice displayed increased BDNF release compared to wild-type neurons suggesting that Syt4 may actually play a negative role in postsynaptic exocytosis. Using an elegant coculture method, this study also demonstrated that WT presynaptic terminals connected to Syt4 null neurons exhibit increased vesicle release probability, providing strong evidence that, as in Drosophila, Syt4 regulates retrograde signaling to modify presynaptic release probability (Dean et al., 2009; Yoshihara et al., 2005) . Intriguingly, the quantal response amplitude was higher in Syt4 null neurons, indicating higher postsynaptic glutamate receptor content and raising the possibility that Syt4/BDNF positive vesicles also harbor AMPA receptors. Interestingly, although Syt4 plays a negative role in BDNF secretion in mammalian neurons, it appears to play a positive role in retrograde signaling at the Drosophila NMJ. It is notable that even though mammalian and Drosophila Syt4 are 50% identical at the amino acid level, mammalian Syt4 does not show enhanced binding to phospholipids upon elevated Ca 2+ while the Drosophila version does, providing a potential explanation for this difference (Wang and Chapman, 2010) . Alternatively, in the absence of Syt4, a different, more efficient Ca 2+ sensor could take its place, resulting in enhanced BDNF release and giving the appearance of a negative regulatory role for mammalian Syt4.
While Ca 2+ -influx through NMDA receptors is required to mobilize postsynaptic membrane fusion for LTP, it remains unknown whether Ca 2+ acts directly at the level of postsynaptic membrane fusion. For example, postsynaptic exocytosis could be Ca 2+ -independent, but require upstream Ca 2+ -dependent signaling pathways. In many cell types, elevated cAMP levels are sufficient to drive exocytosis independent of Ca 2+ through protein kinase A (PKA)-dependent pathways (Ammä lä et al., 1993; Hille et al., 1999; Knight et al., 1989) . Interestingly, Ca 2+ influx through activated NMDA receptors is known to trigger elevated cAMP levels and to activate PKA (Chetkovich et al., 1991; Frey et al., 1993) , but whether the ultimate postsynaptic membrane fusion step necessary for expression of LTP requires a Ca 2+ sensor such as synaptotagmin remains unknown.
Future Perspectives
Altering the composition of the postsynaptic plasma membrane is a principle mechanism of synaptic plasticity (Kerchner and Nicoll, 2008) . While attention has focused on the insertion of AMPA receptors as a mechanism of plasticity at individual synapses, there are still many open questions regarding activity-triggered postsynaptic exocytosis. What cargo, besides AMPA receptors, is present in dendritic endosomes that could influence synaptic properties? While plasticity at individual synapses is mostly attributed to changes in glutamate receptor levels, recent experiments have demonstrated that dendritic segments tens of micrometers in length, containing multiple synapses, undergo activity-induced changes that locally increase or decrease excitability, and alter their ability to propagate spatially concentrated synaptic input from a single dendritic branch to the soma (Frick et al., 2004; Losonczy et al., 2008) . These forms of plasticity in dendritic excitability broaden traditional synaptocentric models of plasticity and implicate dendritic segments as novel loci for anatomical memory (Govindarajan et al., 2006) . The molecular mechanisms for dendritic branch plasticity are only emerging but involve changes in the function and surface expression of ion channels including A-type K + channels (Jung et al., 2008; Kim et al., 2007) , voltage-gated Na + channels such as Na v 1.6 (Lorincz and Nusser, 2010) , HCN channels mediating I h current (Santoro et al., 2004) , and others. In some cases, accessory molecules have been described that control channel trafficking (Lewis et al., 2009; Lin et al., 2010; Rhodes et al., 2004; Santoro et al., 2009; Shibata et al., 2003) . It will be interesting to determine how vesicular trafficking regulates dendritic plasticity, whether ion channels that influence dendritic excitability are housed in the same classes of endosomes that are mobilized in response to activity, and whether dendritic endosomes migrate to dendritic segments with high synaptic activity. Finally, the complete cast of molecular components that enable dendritic exocytosis remains unknown. Using presynaptic vesicle fusion as a template, myriad SNARE proteins, SNARE protein regulators, Ca 2+ sensors, and motor proteins involved in dendritic exocytosis almost certainly remain to be discovered. Uncovering such mechanisms promises to fuse cell biology with neuronal physiology to help define how dendrites compute and shape neural information.
